Background: Reproductive disorders and infertility are surprisingly common in the human population as well as in other species. The decrease in fertility is a major cause of cow culling and economic loss in the dairy herd. The conception rate has been declining for the past 30-50 years. Conception rate is the product of fertilization and embryonic survival rates. In a previous study, we have identified associations of several single nucleotide polymorphisms (SNPs) in the signal transducer and activator 5A (STAT5A) with fertilization and survival rates in an in vitro experimental system. The objectives of this study are to fine map the STAT5A region in a search for causative mutations and to investigate the parent of origin expression of this gene.
Background
The intense genetic selection for milk production traits in dairy cattle over the past 50 years, which has resulted in a tremendous increase in productivity, has been coupled with a significant decrease in fertility. Indeed, reproductive performance in dairy cattle is now clearly suboptimal as revealed by the sharp reduction in first-service pregnancy rates from 70% to 40% [1] [2] [3] . Although there are substantial genetic effects that contribute to this infertility, little progress has been made on the identification of major genes affecting reproduction traits [4] .
The signal transducer and activator (STAT) proteins are transcription factors that are known to play an important role in cytokine signaling pathways as signal transducers in the cytoplasm and as transcription activators in the nucleus [5] . In a previous study, using the candidate pathway approach, STAT5A was chosen as a candidate gene for early embryonic survival because of its roles in embryonic development and in the signal transduction pathway of interferon-tau (IFNT), which has a key role in the initiation and maintenance of pregnancy in ruminants [6] . We identified 12 single nucleotide polymorphisms (SNPs) and found that some of them were associated with fertilization and survival rates in a population of 1,500 in vitro fertilized (IVF) embryos produced from three sires and 160 dams [7] . However, it was not clear whether the observed effects were related to SNPs in STAT5A or to other SNPs in linkage disequilibrium with a causative mutation in the STAT5A region. Thus, one objective of this study was to fine map the STAT5A region by identification of new SNPs. Furthermore, recent studies have shown that STAT5A is expressed in oocytes at the metaphase II stage (before fertilization) and in 2-cell, 4-cell, morula, and blastocyst stages [8] which suggests a possible role of this gene in fertilization and early embryonic development. Thus, to better understand the mechanisms by which STAT5A affects fertilization and embryo survival, the second objective of this study was to investigate the expression patterns of this gene in blastocysts and degenerative embryos and to analyze its sequence characteristics.
Results
Polymorphism identification and association of STAT5A with embryonic survival and fertilization rate We have constructed a unique resource population of IVF embryos with the aim of identifying genes affecting fertility traits in cattle. A total of 5,222 fertilizations were performed in vitro using oocytes from 440 ovaries and semen from eight sires which resulted in a total of 3,696 embryos.
In a previous study we identified 12 SNPs in STAT5A and found association of some of these SNPs with early embryonic survival and fertilization rate [7] . In this study, we extended our SNP search to include upstream and downstream sequences of STAT5A and STAT3 -about 3.5 kb apart -and in exons of STAT3. Using the pooled DNA sequencing approach, a total of 25 new SNPs were identified and confirmed in individual sequencing of 10-15 DNA samples from the pools (Table 1) . Overall, a total of 37 SNPs over more than 63 kb genomic region were employed in association tests with fertility traits. Of those 37 SNPS, 14 were located upstream of STAT5A, 12 were in STAT5A, two were in STAT3, and nine were upstream of STAT3 (Additional file 1).
First, the whole "ovary" population (n = 440) was genotyped for 14 SNPs -seven upstream of STAT5A, five within STAT5A, and two within STAT3 -and analyzed for embryonic survival and fertilization rate. The SNP153137 (G/C) in exon 8 of STAT5A (SNP12195 in our previous study) was associated with the highest significant effect (P = 0.0105) for survival rate ( Figure 1A) . The survival rate of embryos produced from CC dams was 12.8% higher than embryos produced from GG dams (P = 0.0027) ( Table 2 ). Figure 1B shows that SNP153137 and SNP138337 (2.6 kb upstream of STAT5A) had the highest significant associations (P = 0.0466 and P = 0.0482, respectively) with fertilization rate. For SNP153137, the fertilization rate of oocytes obtained from CC dams was 7.7% higher than those from GG dams (P = 0.0258) ( Table 2 ). For SNP138337, the fertilization rate of oocytes from AA dams was 5.7% lower than AG dams (P = 0.0213). Second, to fine-map the STAT5A region, we genotyped the other 23 SNPs identified in STAT5A, STAT3, and in their upstream and downstream sequences in the 100 dams with the highest embryonic survival rate and the 84 dams with the lowest survival rate. SNP153137 again showed the highest significant effect (P = 0.0014) on survival rate ( Figure 2 ). The estimate of the effect of CC dams was 52.7% survival rate vs. 25.9% for GG dams.
Expression Analysis of STAT5A and STAT3
The significant association of SNP153137 with survival rate prompted us to investigate the expression pattern of STAT5A in embryos at the blastocyst stage, in degenerative embryos, and in fetuses at different developmental stages. This SNP was used to assess the monoallelic vs. biallelic expression pattern of STAT5A in RT-PCR products amplified from blastocysts and degenerative embryos heterozygous for the SNP (Table 3) . Genotyping of more than 300 embryos at Day 7 of development revealed 111 heterozygous embryos. Monoallelic expression of STAT5A differed significantly in degenerative embryos (96.4%) vs. blastocysts (78.3%). Furthermore, where STAT5A expression was monoallelic, it was maternally expressed (imprinted) in 87.1% of the blastocysts vs. 59.1% in the degenerative embryos. Paternal expression was found to be higher in degenerative (40.9%) compared to blastocysts (12.9%).
To test whether monoallelic expression of STAT5A is developmental-age specific, the expression pattern was examined in a wide range of organs obtained from bovine fetuses at 68 to 90 days of age. The STAT5A gene was found to be biallelically expressed in all examined organs from all five heterozygous fetuses (see Materials and Methods). For STAT3, genotyping of 48 embryos for SNP177338 in exon 12 revealed 18 heterozygous embryos. Expression analysis showed that STAT3 was exclusively biallelically expressed.
Discussion
The Candidate Pathway Strategy for Choosing STAT5A as a Candidate Gene The discovery of survival genes is a challenging task in all species because of the complex nature of this trait, the lack of phenotypic data, and the difficulties in choosing suitable candidate genes among many other reasons. Candidate genes are mostly chosen based on previous linkage mapping studies (positional candidate gene approach) and on comparative biological or physiological functions in other species [10] . In a previous study, STAT5A was chosen as a candidate gene for embryonic survival based on a candidate pathway rather than position or comparative function of the candidate gene [7] . In the candidate pathway approach, genes are chosen based on their biological functions in the metabolic pathway. When one gene of a pathway affects our target traits, other genes of the same pathway are likely to do so as well. Using the candidate pathway approach, we have shown that the fibroblast growth factor 2 (FGF2), also a member of the IFNT signal transduction pathway, is associated with embryonic survival in cattle [11] . The single SNP analysis revealed that SNP153137 in exon 8 of STAT5A showed the highest significant association with both fertilization rate and embryonic survival at the blastocyst stage. These results probably rule out the possibility of our results being due to SNPs in linkage disequilibrium with the causative mutation in the examined region although SNP153137 does not change amino acids in STAT5A protein. The survival rate and fertilization rate are clearly two different traits with a correlation of 0.15 in our ovary population, which suggests that STAT5A acts in two different mechanisms leading to the observed phenotypes. It is worth noting that expression of STAT5A reported in oocytes and in early embryonic development [8] supports our findings on the associations of this gene with fertilization and embryo survival. However, our results were obtained from in vitro experiments, which do not warrant similar results in in vivo experiments.
Monoallelic Expression of STAT5A
Although many factors are involved in the early death of embryos, comparison of expression patterns between degenerative embryos and blastocysts would shed some light on the mechanisms leading to death or survival. Indeed, the occurrence of monoallelic expression of STAT5A was significantly higher in degenerative embryos than in blastocysts. Moreover, although a small proportion of the blastocysts that showed monoallelic expression revealed paternal expression (four out of 31), there was a clear parent-of-origin-specific trend in expression of STAT5A. In contrast to the monoallelic expression observed at the blastocyst stage, expression analysis of STAT5A in 16 different organs -obtained from fetuses at different developmental stages -revealed biallelic expression. These results are consistent with the observations of Deltour and colleagues [12] who reported biallelic expression of the Insulin 2 gene at Day 12.5 in the mouse yolk sac and a complete monoallelic paternal expression at Association analysis of 37 SNPs in selective genotyping of high and low embryo survival rate groups Figure 2 Association analysis of 37 SNPs in selective genotyping of high and low embryo survival rate groups. SNP153137 in exon 8 of STAT5A showed the highest significant effect on early embryonic survival. Significance thresholds for the association determined via permutation with 250 iterations. Day 14.5 of development. Moreover, it is evident that parent-of-origin specific, monoallelically-expressed genes (imprinted genes) have roles in growth and embryo development, fertility, and embryonic lethality [13] [14] [15] . Thus, we conclude that STAT5A influences early embryonic survival in a developmental-stage-specific and parent-of-origin manner.
It has been shown that disruption of Stat5 leads to infertility in female mice as they have small-sized or absent corpora lutea, which in turn leads to significant consequences for the establishment of pregnancy [16] . Thus, our results on the effects of STAT5A on embryonic survival are consistent with the reported role of this gene in mouse fertility.
Conclusion
In this study, we confirm our earlier finding that STAT5A is associated with embryonic survival and fertilization rate. We also show that specifically maternal monoallelic expression of this gene is associated with embryonic survival. The combination of the IVF population that was created to map genes involved in fertility traits with the strategy of choosing a candidate gene based on its role in a candidate pathway have allowed the identification of SNP153137 as a candidate SNP affecting embryonic survival and fertilization rate. This result was supported by the differential parent-of-origin expression of STAT5A in degenerative embryos compared to blastocysts. However, we can not exclude the possibility that SNP153137 is in linkage disequilibrium with other functional SNP(s) in STAT5A. Indeed, it has been proven challenging to identify causative mutations in livestock species and the number of functional mutations identified is very small probably due to the limitations of constriction of transgenic animal models in these species [17] .
Given that STAT5A was found to be highly conserved from zebrafish to humans implies that the effects on embryonic survival and fertilization rate found in cattle could also be found in other livestock species and in humans as well. The identification of fertility genes through comparative genomics across species has been well documented in the literature as in Bonilla and Xu [18] who reported the identification of 58 genes with highly conserved male fertility function from fly to humans. These results suggest STAT5A as a candidate gene affecting embryonic survival and other fertility traits in humans and livestock species.
Methods

Assessment of survival and fertilization rates
Ovaries from 440 mature Holstein cows were collected from a local abattoir and immediately used in the IVF experiments. Fertilization of oocytes was as previously described [7, 11] . In brief, oocytes were aspirated from antral follicles (> 2-6 mm), processed in different media and in incubated in maturation medium for 20-24 hours. On Day 2, oocytes were fertilized with frozen-thawed percoll-separated bull semen that had been adjusted to a final concentration of 1 million sperm/ml. Oocytes and sperm were co-incubated for a period of 18-24 h. After the fertilization period, putative zygotes were stripped of their cumulus cells by vortexing for 3 minutes, then washed 3 times in TALP-Hepes. Gametes from a total of 440 cows and eight bulls were used in the IVF experiment. Fertilization rate was calculated as proportion of cleaved embryos 48 h post fertilization out of total number of oocytes exposed to sperm. Survival rate of embryos was calculated as the number of blastocysts on Day 7 of development out of the number of total embryos cultured. Viability of blastocysts was determined as a function of the embryo's ability to attain the morphological stage of blastocyst on Day 7 of development. Embryos that failed to show cellular compaction (morula stage) on day 5 or 6 were considered non viable. Therefore only embryos exhibiting adequate compaction followed by the formation of a blastocoele on Day 7 were considered viable. Embryos were preserved in RNALater RNA Stabilization reagent (Qiagen, Valencia, CA) to avoid RNA degradation.
Polymorphism identification and genotyping
Respect to [7] , we extended our search for SNPs to include 8,998 bp upstream of STAT5A, all exons of STAT3, and 3,699 bp upstream sequences of STAT3. Table 1 shows only primers with which SNPs were identified. Genomic DNA was extracted from ovaries by grinding 30-100 mg from each ovary using the AquaPure Genomic DNA kit (Bio-Rad, Hercules, CA). The DNA concentration was measured using a spectrophotometer (Ultraspec 2100; Amersham Biosciences). DNA pools were constructed from 50 different ovary samples to contain 50 ng of DNA 
Embryo genotyping
Genomic DNA and RNA were extracted from embryos using Ambion kit (Applied Biosystems). Embryos were genotyped for SNP153137 (G/C) in exon 8 of STAT5A using primers STATF1 and STATR1 and for SNP177338 in exon 12 of STAT3 using primers STAT3F12 and STAT3R12 (Table 1) . Amplification was performed in a 25 μl reaction volume, which included 3 μl of embryo DNA, 50 ng each primer, 200 μM each dNTP, 5.0 μl 5× PCR buffer, and 1.5 u Taq DNA polymerase (Promega). The temperature cycles were as follows: 95°C for 5 min, followed by 32 cycles of 94°C for 45 s, touchdown annealing from 65-53°C for 45 s, 72°C for 45 s, and a final extension at 72°C for 7 min. The PCR products were amplified in a nested PCR reaction using primers STAT14 and STAT13 for SNP153137 and primers STAT3F12A and STAT3R12A for SNP177338 ( Table 1 ). The nested PCR reaction included 1 μl PCR product, 50 ng each primer, 200 μM each dNTP, 5.0 μl 5× PCR buffer, and 1.5 u Taq DNA polymerase (Promega). The temperature cycles were as described for the first PCR except the total number of cycles was set to 16. Products of the nested PCR were genotyped by digestion with the restriction enzyme BstEII, which allows one to distinguish alleles C and G of SNP153137. For SNP177338, PCR products were digested with the restriction enzyme MspA1I which allows one to distinguish alleles G and A.
Expression analysis of STAT5A and STAT3
To analyze the expression patterns of STAT5A and STAT3, SNPs identified in heterozygous individuals were employed to distinguish between monoallelic and biallelic expression. Dams and sires of heterozygous embryos were genotyped in order to determine parental origin of monoallelically-expressed alleles. Primers were designed to amplify fragments spanning more than one exon to exclude the possibility of mistyping due to genomic DNA contamination in the RT-PCR reactions. Primers STAT14 and STAT11 were designed in exons 8 and 11, respectively to amplify a 360 bp fragment which includes SNP153137 from the STAT5A cDNA (Table 1) . Primers STAT3-1 and STAT3-2 were designed in exons 13 and 9, respectively to amplify a 253 bp of cDNA fragment of STAT3 which includes SNP177338. Primers b-actin F/b-actin R (Table  1) were used to amplify 191 bp from the housekeeping gene b-actin (GenBank accession number NM_173979) cDNA as a positive control.
In order to test monoallelic versus biallelic expression in fetal tissues, organs from five fetuses at ages 68 to 90 days of age were obtained from a local slaughterhouse. All specimens were preserved in RNALater RNA Stabilization reagent (Qiagen) to avoid RNA degradation. Organs were ground with a mortar and pestle in liquid nitrogen into a fine powder, which then was used for either RNA or DNA extraction. For fetuses heterozygous for SNP153137 (n = 5), the expression pattern of STAT5A was analyzed in a wide range of organs: brain, ovary, liver, pituitary, adrenal gland, lung, skeletal muscle, heart, spleen, teste, cotyledon, mammary gland, rib, kidney, eye, and intestine. The RT-PCR was performed using Qiagen OneStep RT-PCR Kit (Qiagen). The RT-PCR cycling conditions included incubation at 50°C for 30 min, 95°C for 15 min, and then touchdown PCR conditions, as described for genomic DNA PCR amplifications. The RT-PCR products for SNP153137 and SNP177338 were genotyped by digestion with the restriction enzymes BstEII and MspA1I, respectively, as described for embryo genotyping. where y ijk represents in turn, the survival or fertilization rate of a batch of ova k from ovary i fertilized with semen from sire j; μ represents a general constant (mean) for the trait considered; o i represents the random effect of the individual ovary from which ova were harvested; s j represents the random effect of sire used in the fertilization; SNP ijk represents the fixed effect of the genotype for the SNP considered; and e ijk represent the residuals, assumed normal and independent with mean 0 and variance Iσ 2 e .
Statistical analysis
Ovaries and sires were both assumed uncorrelated in the analysis, with variance structures Iσ 2 o and Iσ 2 s respectively. After data editing, ovaries from which fewer than 4 eggs were harvested were excluded from the analysis. All analyses were performed with the function lmer of the lme4 package of R software v. 2.5.1 http://www.r-project.org.
